Immunoblot analysis demonstrates that the large and small forms of hepatitis delta virus antigen have different C-terminal amino acid sequences
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1Department of Medicine, School of Medic&e, 2Department of Epidemiology, School of Public Health, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-7030 and 3Department of Microbiology, Parasitology and Pathology, College of Veterinary Medicine, North Carolina State University, Raleigh, North Carolina 27606, U.S.A. Antisera to a peptide representing the extreme carboxy terminus of the hepatitis delta virus antigen (HDAg) open reading frame (residues 197 to 211) recognized only the large (p27 ~) and not the small (p24 ~) form of HDAg in immunoblots of infected liver extracts, thereby providing direct proof that p27 ~ and p24 ~ differ in their carboxyl-terminal sequence and that p27 ~ results from mutation within the stop codon terminating translation of p24 ~. Reactions with other peptide antisera demonstrated that multiple smaller virusspecified proteins were carboxy-terminally truncated forms of HDAg, and immunoprecipitation studies suggested that different forms of HDAg were present as heterologous complexes within the liver extract.
Hepatitis delta virus (HDV) is an unclassified satellite of human hepatitis B virus (HBV). The HDV particle is 35 nm in diameter and contains a unique viral RNA and a single virus-specified protein, the hepatitis delta antigen (HDAg) (Rizzetto et al., 1980; Wang et al., 1986 Wang et al., , 1987 . HDV RNA and HDAg are packaged within a lipid envelope containing HBsAg, the envelope antigen of HBV (Bonino et al., 1986; Rizzetto et al., 1980) . HDV replicates only in persons who are infected with HBV and is associated with an aggressive chronic hepatitis which may lead to cirrhosis and death (Rizzetto & Verme, 1985) . HDV also replicates in woodchuck carriers of the woodchuck hepatitis virus (WHV), a hepadnavirus closely related to HBV, thus providing a useful animal model (Negro et al., 1989) .
The HDV genome is among the smallest of all animal virus genomes. It is a single-stranded, circular RNA approximately 1680 bases in length (Kuo et al., 1988; Makino et al., 1987; Wang et al., 1986 Wang et al., , 1987 . Although both genomic and antigenomic RNA contain multiple open reading frames, available evidence suggests that only one of these is actually expressed (Weiner et al., 1988) . This open reading frame, called ORF-5 (Wang et al., 1986 (Wang et al., , 1987 , is present in antigenomic RNA and encodes predicted HDAg species of 195 or 214 amino acids, depending on the variable presence of an amber stop codon at position 196. HDAg appears to have multiple functions in the HDV life cycle . HDAg present in HDV particles consists of two molecular species with different migration rates in SDS-PAGE (nominally p24 ~ and p27 ~) (Weiner et al., 1988) . These two proteins are highly charged, basic proteins which are serine-phosphorylated (Chang et al., 1988) and have been considered on the basis of genetic evidence to be the product of expression of the 195-and 214-residue long open reading frames identified in different cDNA clones. In this communication, we directly demonstrate by immunoblot analysis with anti-peptide antibodies that this is in fact the correct explanation for these two molecular species. Furthermore, we show that other, lower Mr HDAg species present ininfected liver are Cterminally truncated translation products of ORF-5.
Four WHV-positive woodchucks (Marmota monax) were infected with chimpanzee-passaged HDV. Animals were bled twice weekly post-inoculation, and sacrificed when HDAg was initially detected in serum samples (Deltassay, Noctech Laboratories). HDAg was extracted from liver by preparing tissue homogenates in 6 Mguanidine-HC1 pH 6.0, followed by dialysis against PBS (Bergmann & Gerin, 1986) . HDV particles present in serum were concentrated by ultracentrifugation (Wang et al., 1990) . Both liver-derived and particle-associated antigens were subjected to electrophoresis through a 12.5~ SDS-polyacrylamide gel, transferred to nitrocellulose and probed with antibodies present in a human anti-HD positive serum (Wang et al., 1990) . At least six HDV-specified proteins were identified in immunoblots of a liver extract from one of the infected woodchucks (Fig. 1, lane 2) . Apparent Mr values ranged from 29K to 21K. The 26K and 29K bands corresponded to the 0001-0492 © 1992 SGM nominal p24 * and p27 ~ species reported in the literature (Weiner et al., 1988) , as these were the only HDVspecifed proteins identified in sera of infected woodchucks ( Fig. 1 , lane 1). The p27 ~ species appeared to be present in lesser quantities than p24 ~ in both liver and serum. Liver extracts from the other three animals contained much smaller quantities of antigen than that shown in Fig. 1 , lane 2, and were not studied further.
To characterize further the multiple HDV-specified proteins present in infected liver, we raised antisera against a series of synthetic peptides representing regions of the predicted p27 ~ molecule (Table 1) . Peptide synthesis was carried out with t-butyloxycarbonyl chemistry using a Biosearch Model 9500 Peptide Synthesizer (Novato). Peptides were conjugated through N-terminal cysteine residues to keyhole limpet haemocyanin (KLH) with maleimidobenzoyl N-hydroxy-succinimide ester, except for D5(197-211) (a peptide representing residues 197 to 211 of the H D V ORF-5) which was conjugated through a C-terminal cysteine and D5(167-184) which was not conjugated. Peptides were administered as a series of three immunizations with Freund's complete or incomplete adjuvant to guinea-pigs and in some cases rabbits.
The anti-peptide titres of antisera were assessed by a microtitre ELISA, in which antibodies binding to peptides coating the solid-phase support were detected with a horseradish peroxidase-conjugated anti-species antibody (Wang et al., 1990) . Fivefold dilutions of sera were also tested by EL1SA for their ability to react with D5(197-211) . Lanes 8 and 9 were probed with human sera; 8, anti-HD negative serum and 9, anti-HD positive serum (b) Liver proteins were probed with rabbit antisera to synthetic peptides. Lanes are labelled as in (a).
liver-derived HDAg. In this assay, HDAg present in woodchuck liver extract was captured by a human anti-HD positive serum sample coating the surface of microtitre plate wells. Anti-peptide and enzyme-conjugated anti-species antibodies were added to the wells in sequence, as in the peptide ELISA (Wang et al., 1990) . Results of these studies are shown in Table 1 . Each antipeptide antiserum reacted specifically with its cognate peptide, although the titre varied between individual animals. With the exception of antibodies directed against peptides representing the predicted N and C termini of HDAg, D5(2-17) and D5(197-211) , antipeptide antibodies also reacted with liver-derived HDAg. Rabbit LP-4 (Table 1) was immunized with unconjugated peptide D5(156-184) and developed antibodies reactive with both peptide and liver-derived antigen. This response, and that of similar antibodies developed in two guinea-pigs immunized with unconjugated D5(167-184), is consistent with the prediction that this region of the HDAg molecule may contain an amphipathic, ~-helical T cell determinant (Wang et al., 1990) . Generally, there was little correlation evident between the titre of anti-peptide and anti-HDAg activity in these sera. Guinea-pig antibodies to D5(82-102) had particularly high anti-HDAg activity, consistent with previous descriptions of linear epitopes in this region of the molecule (Bergmann et al., 1989; Wang et aL, 1990) . Pre-immunization sera were uniformly devoid of antipeptide and anti-HDAg activity.
We assessed the ability of antibodies raised against these peptides to recognize different molecular forms of HDAg in immunoblots of infected woodchuck liver extracts (Fig. 2) . Antisera to a peptide, D5(197-211) , representing the extreme carboxy terminus of the predicted full-length ORF-5 translation product recognized p27 ~, but not p24 ~ or smaller HDAg species (Fig.  2a and b, lanes 7) . Similar results were obtained with both guinea-pig (Fig. 2a) and rabbit (Fig. 2b) antisera raised against this peptide. These data represent the first direct proof that p27 ~ and p24 ~ differ with respect to their carboxy-terminal amino acid sequences, and support the hypothesis that p24 ~ translation terminates at the amber stop which follows the codon for Pro-195 in some cDNA clones, and p27 ~ results from translation of the entire 214 residue open reading frame (Luo et al., 1990) . The remaining HDV-specified proteins were each recognized by antibodies to other HDAg peptides, indicating that they are also products of ORF-5 (lanes 2 to 6). However, the pattern of reactivity with various anti-peptide sera indicated that these shorter proteins are C-terminally truncated ORF-5 products. On the basis of these results, we estimate that the C terminus of the smallest of these HDAg species lies between residues 130 and 160 approximately. (Fig. 3) .
Unexpectedly, the antisera raised to peptide D5(2-17), representing the amino terminus of HDAg, failed to react in immunoblots of denatured liver-derived antigen (Fig. 2, lanes 1) . The low Mr protein recognized by rabbit antiserum to D5(2-17) (Figure 2b, lane 1) was not related to HDAg; the immunoblot reaction was not blocked by soluble peptide (in contrast to the HDV-specified proteins recognized by other anti-peptide sera) and the low Mr protein was also recognized by the rabbit preimmunization serum (data not shown). The negative immunoblot results obtained with D5(2-17) antibodies thus mirror the very low or non-existent activity of these antibodies in ELISAs employing liver-derived antigen, and contrast sharply with the high level of anti-peptide activity of these sera (Table 1) . Because the sequence of peptide D5(2-17), based on the human HDAg sequence of Makino et al. (1987) , differs at several residues from that of the liver-derived HDAg (Wang et al., 1986 (Wang et al., , 1987 , we utilized Pepscan (Wang et al., 1990) to determine which specific amino acid residues reacted with the anti-peptide antibodies. These studies demonstrated that antibodies to the D5(2-17) peptide recognized the sequence -Gly-Gly-Arg-GluAsp-Lle-Leu-(residues 11 to 17), consistent with the Nterminal coupling of the peptide to KLH. The corresponding sequence of the liver antigen is -Gly-Gly-ArgGlu-Glu-Lle-Leu- (Wang et al., 1986 (Wang et al., , 1987 , making it possible that the failure of anti-D5(2-17) antisera to recognize liver HDAg could reflect, at least in part, antigenic variation between HDV strains (that is, substitution of Asp-15 with Glu). To exclude this possibility, we determined the ability of anti-D5(2-17) antibody to recognize HDAg translated in vitro from a synthetic RNA transcript of pB1-3, a plasmid encoding p276 of the Makino sequence under control of the T7 promoter. In vitro translation was carried out in rabbit reticulocyte lysates (Promega). In contrast to other antipeptide antibodies, anti-D5(2-17) had negligible ability to immunoprecipitate this synthetic HDAg or to recognize synthetic HDAg in immunoblots (data not shown). Furthermore, we demonstrated by Pepscan synthesis that anti-D5(2-17) (Makino sequence) specifically recognized an octapeptide representing the Wang sequence in this region (data not shown), thereby exclUding the possibility that failure of this antibody to recognize the liver-derived antigen was due to subtle strain variation.
Although antibodies raised against the carboxyterminal peptide, D5 (197-211) , recognized only p276 and not p246 in immunoblots (Fig. 2) , anti-D5(197-211) was capable of immunoprecipitating both p246 and p276 in liver extracts (Fig. 4) . Antigen-antibody complexes were precipitated by the addition of Protein A-Sepharose (Sigma) in 50 mM-Tris-HCl, 50 mM-NaC1 pH 7.6, 0.1% Triton X-100. They were then pelleted in a microfuge, separated by SDS-PAGE and transferred to nitrocellulose for immunoblot analysis. HDV-specified proteins were visualized with human anti-HD. The predominant HDAg species that was immunoprecipitated by anti-D5(197-211) was p24 ~. Taken together, the data shown in Fig. 2 and 4 suggest that p246 and p276 exist as heterologous complexes within the liver extract. The presence of HDAg complexes in the liver extract was further confirmed by the ability of rabbit antibody raised against D5(156-184) to precipitate the smaller of the HDAg molecular species (Fig. 4, lane 2) . Neither guineapig nor rabbit antisera to this peptide recognized this low Mr HDAg species in immunoblots of the liver antigen (compare Fig. 4 , lane 2 with Fig. 2 , lanes 5, 5' and 6). The presence of HDAg complexes is not surprising, as HDAg fusion proteins have been shown to dimerize in vitro (Lai et al., 1991) . Moreover, recent studies which have examined the ability of p276 to down-regulate viral RNA synthesis suggest that this activity may be dependent upon the formation of HDAg multimers .
In summary, these findings confirm earlier suppositions that p276 and p246 differ in their carboxy-terminal amino acid sequences, and that expression of p276 occurs as a result of mutation within the amber stop codon terminating translation of p24 ~. This mutation leads to expression of a larger protein with a 19 amino acid carboxy extension (Luo et al., 1990 ) and occurs as a regular event during replication of the viral RNA Luo et al., 1990; Taylor et al., 1990) . As p276, unlike p24 ~, has been reported to be a dominant negative regulator of HDV RNA replication, one interesting speculation is that this mutation may be a crude but important regulatory mechanism resulting in suppresion of HDV RNA replication and possibly providing a signal, the C terminus of p276, for packaging of the HDV genome .
We have also shown that the lower Mr HDAg species which have been observed in liver extracts previously (Bergmann & Gerin, 1986 ) are C-terminally truncated translation products of ORF-5. The origin of these smaller HDAg species is uncertain, although one of two Jilbert et al., 1991) might possess a stable secondary structure which could i m p e d e translation. W h a t e v e r their origin, these lower Mr antigens do not a p p e a r to be incorporated into H D V particles, including those isolated from liver by rate-zonal centrifugation (unpublished results). The failure of anti-D5(2-17) antibodies to recognize H D A g in E L I S A and i m m u n o b l o t assays remains unexplained. B e r g m a n n et al. (1989) reported that antisera raised to a similar peptide (residues 1 to 18), which was C-terminally coupled to carrier, also failed to recognize liver-derived H D A g . This is a surprising result, as the N terminus has a relatively low h y d r o p a t h y score and, moreover, some h u m a n convalescent sera contain antibodies directed against a linear epitope in this region (residues 2 to 7) ( W a n g et al., 1990). Since the
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HBV core protein, which like HDAg is targeted to the nucleus, undergoes signal peptidase cleavage (Ou et al., 1989) , we considered the possibility that this might also be the case with HDAg. However, HDAg translated in vitro was similar to liver-derived antigen both in size (data not shown) and lack of N-terminal antigenicity. This argues strongly against such an explanation. The data suggest that the amino terminus of HDAg assumes a unique conformation not represented by peptides in solution and which survives denaturing PAGE, or that it undergoes post-translational modification which renders it non-antigenic.
